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Th e FLO%~ T u t o r :  Schemas f o r  T u t o r i n g

Donald R. Gentner and Donald A. Norman

University of California , San Diego

Consider flow a human tu tor might instruct a student learning

a programming language. The student attempts a problem while the

tutor watches. The student has difficulty, makes some errors and

corrects some errors. Sometimes the tutor gives advice , other

times the tutor simply waits for the studen t to correct the

errors without assistance. All through this , the tutor mLst

bring to bear a considerable amount of knowledge. The tutor must

have a model of both the student and of the topic matter , simu-

lating the progress of the student through the material to be

acquired . The tutor must consider the developing conceptual

structures of the student , the student’ s progress on the current

t ask , and by using some appropriate teaching strategy, decide

when i t  is best to i n t e r v e n e  and when i t  is best  to let the  s tu —

dent work out the problem alone , without assistance.

Insert Figure 1 about here

Figure 1 shows a sequence of keypresses from a student

attempting to solve a computer programming problem . This examp1~
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Time Keypress

1386 0
1387 3
1387 3
1390 I
1393
1396 RUBOUT
1397 RUBOUT
1400 I
1400 *

1404 0
1404 5
1405 0
1418 L
1434 R

F i g u r e  1

Sequence of student keypresses on the comput-
er terminal. The numbe r of seconds since the
start of the session is indicated in the left
column .
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shows some of the problems faced by an automated tutor. Based

on this information , an automated tutor must decide if the stu-

dent is making good progress , or if not , what advice to g ive .

Human tutors can deal with this situation. Obviousl y, the human

tutor uses other information to interpret the student’ s

keypresses: information about the programming language and the

particular way it is implemented on this computer system , infor-

mation about the course of instruction and the problem the stu-

dent is attempting to solve , and information about the knowledge

structures of the student. Tutors must also have a knowled ge  of

learning principles to infer just what course of action would be

most beneficial for the student: too much advice can be as harm-

ful as not enough. Moreover , the tutor must be flexible. The

tutor must have a plan of instruction , but the student may not be

ready for that plan. The tutor must be prepared to deviate from

the plan whenever the student behavior calls for new tactics.

The plan of the tutor constitutes a top—down , conceptually driven

guidance of the tutorial session; the behavior of the student

constitutes a bottom—up, data ariver i guidance of the session. A

successful tutor must be guided from both directions.

Our goal is to understand the basic cognitive processes

involved in learning and teaching , and to develop computer—based

theories and models of these processes. Much of the work has

been concerned witn the learning of a sitvpl e compu ter language,

known as FLOW (see r’Jorman , Gentner & Stevens , l97&t—.a~~~~n ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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1 9 7 5 )  . FLOW is a simple computer language (no subroutines , only

one variable) 1 University undergraduates with no previous

knowledge of computer programming can usually master the basic

elements of FLOW in two—to—ten hours. In the next section of the

pape r , we discuss our observations of human tutors. Then , we

describe ~he development of a schema—based automated FLOW tutor.

Tutoring

Insert Figure 2 about here

Figure 2 shows the experimental arrangement. A student

sits in an acoustically isolated room with an instruction booklet

for the FLOW language. The booklet describes computer program-

ming and introduces FLOW with a series of examples and program-

ming problems. The student can try out the ~xamples and attempt

to solve the problems on the computer terminal which is connected

to a minicomputer. In principle the student could learn FLOW

simpl y by reading the instruction booklet and trying out pro-

grams on the terminal . In practice , however , students usually

have considerable difficulty and need advice from a human tutor.

In our most common tutorial arrangement , the human tutor sits in

an adjacent , isolated room where a copy of the student ’s termi—

nal screen is displayed on a TV monitor. Any advice to the stu-

dent is relayed via a pair of linked terminals , as shown in Fig-

ure 2. 

‘
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Observations of Human Tutors

In our studies of tutorial instruction we have used a

variety of techniques. Some have been described previously (Nor-

man , Gentner , & Stevens , 1976; Gentner , Wallen , & 1’~iller , 1974)

We examined a number of different dimensions of tutorial interac-

tion and different methods of getting at the conceptual struc—

tures of the student:

Tutor continually asking student to think aloud , or

simply observing , commenting only when necessary;

A dual—student interaction , with each student helping

the ot her , or s imp l y one student at a t i m e ;

Asking the human tutor to simulate an automated tutor ,

using no more information than would be available to

such a system , or letting the human tutor use every

source of information possible;

Watching students who have no tutoring at all , but are

learning FLOW either in pairs or alone (in either case,

with only the instruction manual and an active terminal

to g u i d e  them )

Asking tutürs to have minimum interaction or maximum

in terac t ion;

— — . ———-~~— ‘- -—‘~~ rn _ _ S  - . ~~~~-‘~~~ --~~ ——‘ ‘—~~ ‘- S ~~~~~‘
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Retrospective tutoring , in which an actual session is

replayed over the computer terminal to the tutor who is

asked to treat it as if the student were actually in

the adjacent room . The tutor thinks aloud , stating

what he thinks the student is doing and what advice he

would give , when , and why.

The tutors were all experts at FLOW , and in many cases, experi-

enced teachers. The tutors had before them a copy of the

instruction manual being used by the students and they were fam i-

liar with its contents (in fact , most of the tutors had been

involved in writing the manual)

Some Comments on Experimental Procedure

When the tutor was in a different room from the student , all

advice to the student appeared on a second terminal located

beside the student. We fou,nd it important to use two terminals ,

in order to make a clear distinction between the tutorial aspects

of the session and the working s of FLOW . Earlier , when we had

attempted to use the same terminal for both FLOW and tutorial

messages , we found that the messages either caused confusion or

were overlooked : the students could not distinguish the various

sources of information appearing on one terminal. Many students

have strang e and mystical ideas about how computers work , and the

use of a single terminal for both functions added to their confu-

sion. A separate terminal , used only as a tutor , came to be

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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viewed as the teacher , and students were sometimes recorded talk-

ing to it (“well , come on , tell mc what to do ”). ~e beli eve the

advantages of using a separa te terminal for the tutorial system

appl ies to mos t top ics , in cluding topics not based around pro-

gramm ing or use of computers.

We tried various techniques to determine what the studen t

was thinking at each point in the session. One ‘nethod was simp ly

to have the tutor in the same room as the student , continually

a s k i n g  the  s t u d e n t  to “think aloud ,” or “wha t a r e  yo u t h i n k i ng

now ,” or “why did you do that?” In these sessions the students

of ten seemed to be under pressure and responded defensively

despite our at tempts to be supportive. Our best technique was to

ask two students to work together and to pu t the tutor in a

separate room . One studen t sat at the FLO~ t e r m i n a l  and d id

whatever typing was required. The other student read aloud from

the instruct ion manual. The procedure was quite effective in

eliciting the thoughts of the students in natural ways , for they

would discuss wi th each other what they thought each part of the

mar~ual meant. When the students encountered problems, they would

typically discuss their ideas about the source of t ho problem ,

and the possib’e alternative solutions.

Al tho ugh we tape recorded the commen ts of the students, we

usually did not le t the tutor hear them . Later , we could rep1~.y

tnc ~ession , allow i ng us to evaluate the tutor ’ s hypotheses.

L 

Oft~~r the students ’ comments showed that the tutor had misjud ged

‘ . 5  - 5 - ’ S ’ ~~~~~~
. — ’ -.” ~~~~~~~~~-’S—-- -



-~~~~

-7-

the p roblems faced by the students. ~e recomm end this two—

student instructional dialog technique as a way of gettin g natur-

al istic protocols of student thoughts. OL course , i t  is a w k w a rd

to attempt to simulate a two—headed student , so fo r some pur-

poses , the techniq ue cannot be used . (We have considered using a

trained experim enter to play the role of the second student , thus

elicit ing natural comments without the pressure of a tutor ’s pry-

ing . There are many d ifficulties far with this scheme , howeve r ,

and so we have not used it.)

Six Pr i nc ip lza of H u man Tutorjj~9

Our  obser ca ti ons of h u m a n  tu to r s  a r e  h a r d  to q u a n ti f y ,  but

they  d id provide us with useful princi p les  w i th w h i c h  to gu ide

the developmen t of the automated tutor. Human tutors are guided

in a variety of ways. The following six principles emerged from

our observations.

1: Conc~~~t u a~ji driven yj~ an ce .  T u to r s have a p1 a n 0 f

instruction which sets the overall structure for the session and

h e l p s  gu ice t h e i r  e x p e c t a t i o n s  of stu d e n t  p e r f o r m a nce. Th is is

top—down or conceptually driven guidance. Tutors nor ma lly differ

in how wc,~il formulated these instructional plans are , Lut in our

~xp eriie r~ts the instruction manual was proviaed , so this aspect

of tutoring was determined before hand .

2: Liata-drive n 9uidunce. ‘lutors are responsive t .~~ student

b:ra v~ ur. Thus , they can us t a— dr iven , d~ vi~ ting from the



lesson plan whenever it seems sensible to do so. Data—d riv ’~n

tutoring seemed always to be triggered by errors (which includes

a failure to make any response) or by unexpected correct

responses. The response of the tutor to a student error seems

best charac terized as an attempt to fina some explanation for try

student’ s tehavior , then postulating some instructio nal sequenc€

tha t will overcome the problem . Thus , the events witnessed by

the tu tor trigger a search for an adequate conceptualization that

can serve as an explanation for the observations. Once formed ,

the conceptualization then acts as top—down , conceptual guidance

for the lesson plan until the tutor is satisfied the problem is

overcome . Then the original plan (from the instruction manual )

is resumed .

3: A c t i v e  discovery . Tutors seemed unwilling to interfere

too often. Their method of instruction seemed to contain an

implicit assumption that it was best for the students to discover

the concepts through active exploration , which includes making

numerous mistakes. Tutors would therefore allow students to make

errors or to pause for rather long periods of time , offering help

only if the number of mistakes or length of pause exceeded some

threshold value of tolerance. There were exceptions to this pol-

icy. If an important piece of information seemea to be entirely

m i s s i n g  theh  i t  would  be o f f e r e d  d i r e c t l y  ( t o  m i n i m i z e  t ime  and

frustration) . Similarly, if the problem seemed unimportant, it

didn ’ t seem worth the student’ s effort to let them worry aoout
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i t , md tr~e studen t was  s impl y t o l d  w h a t to do (f o r ex amp le , that

to type a quote mark , yo u must type a “ shi ft— 2”) . T u t o r s  a l so

worr ied it the student seemed to have several simulrane ou~

misun derstandings. The ideal situation for discovery learning

sce u~s to be when the student has a single incorrect concept and

the  r e s o u r c e s  to  loca te an d mod i t y  tn c~t concept in a reasonabl

a m o u n t  of t i m e .

4:  ~~ y too l i t t l e , n o t  too m u c h .  T h e r e  seemed to be an

i m p l i c i t  f e e l i n g  among  s e v e r a l  of t h e  t u t o r s  t h a t  i t  was  be s t  to

err by saying too little rather than too much. This aspect of

tutoring varied considera bly among the tutors , however. This is

consisten t with the principle stated s uo v a  -- a i s c o v e r y  l e a r n i n g .

T h u s , t h e  i n f o r m a t i o n  g i v e n  t h e  s t u d e n t  o f t e n  w a s in t he  f o r m  of

guides or small fragments of infor m ation that would allow the

students to discover for themselves the total story. Sometimes ,

the advice was to re—read a section of the manual. This fora of

advice giving can be characterized as tutoring hy offerin g clues

rather than tutoring by giving answers.

5: W a i t  and see.  T u t o r s  o f t e n  h u n g  b a c k  in  t h e i r  a s s e s s m e n t

of s t ua e nt  d i f f i c u l t y .  T h i s  w a s  r e v e a l e d  m o s t  ~i r a m a t i c a f l y  wt~~n

we asked tutors to watch the replay of b reviou s i~~ar ninq ses-

s i o n s .  ~ e wanted to  s t u d y how t u t o r s  u p d a t e d  t r e i r  model of the

st i ~~c n t , so ~ e’ j r o h r • a t h e  t u t o r s  a f t e r  •~ach  s t u d e n t  r ’  ~p onse  ( o ~

afty r e a c h  11 s e co n d s  of  p a u s e )  . T u t o r s  w o u l~ i o t t n r e f u s e  to

s~~5 c u i a t e , c l a i m i n g  t h a t  t h e y  w a n t e d  to ~~~i t  a n d  su e  ~n a t  w o u l d
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• t • ~ec Lu ’ : a t h a t  t h i s  r e f u s a l  to s~~e c u l a t ’

a f t : r  e~~ ’~ i t e ’ i ol  s r e i u n t  b e h a v i o r  is  q u i t e  b e n e f i c i a l , f o r  i t

i t T itS t~ ; a O u n t  of  ne i l c s s  s e a r c h  anu a n a l y s is  t oe  t u t o r  needs

tc co. 3~’ w a i t i n ..~ for a reasonable sequence of responses , the

ooT~~~.rr of possible 1nter~~ret,ations is considerably constrained ,

soc the task of forming a conceç.tual model of student performance

is much simplified . This strategy takes advantag e of the fact

t h a t  i t  is no t  n e c e s s a r y  to c o r r e c t  a s t u d e n t  p r o b l e m  the  i n s t a n t

i t  is d e t e c t e d .

6: A l i t t l e  i r r e l e v a n c y  is O k .  T u t o r s  d i s c o v e r e d  t h a t  t h e y

d i d  no t  a lways  need to be a c c u r a t e  in t h e i r  a s se s smen t  of s t u d e n t

b e h a v i o r .  O f t e n t i m e s  a p u z z l i n g  s equence  of b e h a v i o r  w o u l d  t u r n

ou t  to be i r r e l e v a n t , f o r  t he  s t u d e n t  w o u l d  ge t  on t he  a p p r o p r i-

a te  t r a c k  w i t h o u t  a i d .  The t u t o r  c o u l d  a f f o r d  to i g n o r e  t h i n g s .

Even if retrospective anal ysis showed the behavior to be a hint

of f o r t h c o m i n g  d i f f i c u l ti e s , l i t t l e  was  lost by not noting it

i m m e d i a t e l y .  I f  t h e r e ’  was  a r e a l  d i f f i c u l t y ,  s t u d e n t s  w o u l d

r e v e a l  i t  a g a i n .  Even  when  t u t o r s  m i s i n t e r p r e t e d  s t u d e n t

b e h a v i o r  and t h e r e b y  o f f e r ed  i r r e l e v a n t  a d v i c e ,  l i t t l e  h a r m  was

done : the  s t u d e n t s  seemed q u i t e  c o n t e n t  to  i g n o r e  t h e  a d v i c e .

( I n f o r tu n a t e l y ,  th e y  f r e q u e n t l y  seemed c o n t e n t  to i g n o r e  r e l e v a n t

a d v i c e , t o o . )

The above  c o m m e n t s  on t u t o r i a l  s t r a t e g i e s  s h o u lu  n o t  bc over

i n t e r p r e t e d . Our  t u t o r s  d i d  not  w o r k  i n d e p e n d e n t l y  of one

a n o t h e r .  They  c o n s i s t e d  of t he  s e v e r a l  of us who w o r c e d  on t h e



r T  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 11—

FLOW project. We often discussed our strategies. Sometimes

several tutors woul d work together , so the instruction was a

joint venture of two or more people. Even when a single tutor

seemed to provide useful information , we have no way of knowing

if this was an optimal instructional sequence. All ~e can say is

that we have observed ourselves tutoring students , and we have

made six generalizations from these observations. We will use

these  pr i nc iples i n the  des ig n o f the automated tutorial system .

But the studies are of real tutors , not ideal tutors.

The A u t o m a t e d  FLOW T u t o r

The automated FLOW tutor is designed to simulate a human tutor.

From now on , unless we explicitly say “human tutor ,” the word

“Tutor ” will refer to the computer program designed to serve

this function. The Tuto r receives a message from the student’ s

minicomputer whenever the student presses a key on the terminal

or pauses for more than about eleven seconds. The automated

Tutor must interpret these keypresses and pauses in terms of a

student progressing through the FLOW instruction booklet. If the

Tutor determines that the student is hav ing difficulty, t h e Tutor

can send advice which appears on a second terminal in the

stuoent ’s ro om.

Ambiguities

Student responses are often ambiguous. This is especially

true where the only information available t o  the tutor is the

I1
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time sequence of keypresses maae by the studen t. This , 0 1

course , is the only information available to the automated Tutor.

Ambiguities can take many forms. For example , in isol~ tion , tte

individual keypresses are often ambiguous. In the FLO~ computer

system , when the student types an illegal character , it is

displayed briefly accompanied oy an audible “beep, ” and then it

is erased . Determining why that character was typed can be dif-

ficult. But even legal characters are often ambiguous. In FLOW ,

for example , a D keypress may be part of a Display Quoted String

statement. In other circumstance s , a D keyp re s s  cou ld  also be

part of a Display Variable statement or part of a character

• string . Similarly, a two—minute pause might reflect the fact

that the student was completely frustrated and needed immediate

help. But a two—minute pause could also occur while the student

was reading the instruction booklet and making perfectly normal

progress. The task for the Tutor , then, is to construct a broad

and detailed model of the student’ s conceptual understanding and

activities and use that model to interpret the current behavior

of the student. This interpretation of the student’ s behavior

must  t hen  be used to c o n t i n u a l l y  upda te  the  model of the s t u d e n t .

Conceptually Guided Processing

The normal method used to disambigua tE student behavior is

conceptually guided predict ion. The automat~ d Tutor follows the

s t u d e n t ’ s progress through the instruction booklet , a l l o w i n g  f o r

pauses while the student is reading . When an exercise or

_ _ _ _ _ _ _  _ _ _ _ _  A
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programming problem is encountered , the Tuto r does the exercise

or solves the problem and predicts that the student ’s ac t ions

will follow a similar course.

The Tu tor ’s da tabase contains a description of the function

of each problem presented to the student. The Tutor “ solves” the

problem by expanding the function description into simpler func-

t i ons , then into FLOW statements , and finally into the individual

keypresses. 2 For example , suppose that a problem at some point

requires that the computer display the word “BILLY” on the

screen. The Tutor will eventually predict a Display Quoted

String statement and that the student will press the D key. If

the student actually presses the D key at that point , that D will

be interpreted as part of a statement to display “B ILLY ,” even

though it is perfectly possible at this point that the D is part

of some other statement. After observing the D key, the Tutor

will then go on to predict that the student will press a quote

k e y ,  then a B key, and so forth. Onl y if these later predictions

are not confirmed , will the Tutor consider other possibilities

f or the i n i t i a l  D k e y .  A l t h o u g h  i t  is c l ea r  t h a t  c o n c e p t u a l l y

guided prediction can lead the Tutor into severe trouble when the

predictions are wrong , it normally leads to an easy and efficient

interpretation of otherwise ambiguous information.
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Data—Driven Processing

Conceptually guided processing works well as long as the

s t u d e n t ’ s ac t ions  m a t c h  the predictions of the ‘lutor. Un for—

tunately , students often do unexpected things. Remember , in our

observations of human tutors , we found that they were sometimes

unable or unwilling to make detailed predictions of student

behavior , especially when there was wore than one reasonable

alternative for the student. To simulate this behavior , the FLOW

Tutor normall y stops the conceptually guided expansion of

instances when an am biguity is reached , and wa its to see what the

student actually does before going fur ther. If we call the con-

ceptual structures that the Tutor uses to understand the student

schemas, then the job of the Tutor is that of creating appropri-

ate schemas to explain student behavior.

The automated FLOW Tutor is intended to simulate an experi-

enced human tutor who is familiar with FLOW and the problem s stu-

dents commonly have when learning it. The Tutor ’s starting data—

base thus has schemas which represent typical student errors.

W i t h  d a t a — d r i v e n  process ing , unexpec ted  s t u d e n t  i n p u t s  may

i n c o r p o r a t e  themse lves  in to  i n s t a n c e s  of these e r r o r  scr i emas.

~ne n one of these  e r r o r  schemas is f u l l y  s a t i s f i e d , t h e  T u t o r  h a s

effectivel y recognized a student error and can act accordingly.

The general strategy of the Tutor is to let the student recover

from errors on their own , and only give advice wh en the student

is likely to become frustrated or confused . Thus , when an error

- —- 5-~ -- - -~~~~~~~ 5 - - -- -—’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -‘ - -5—-----’ 5- -
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sche~na discovers a student c’rror , it normally predicts that the

s t u d e n t  w i l l  p a u se , and o n l y  if t h a t  pause  is a c t u a l l y  obse rved

w i l l  i t  g i v e  ad v i c e  to t he  s t u d e n t .  If  the  s tu d e n t  does some-

thing netore the end of the predicted pause , the error schema

will be unsatisfiec and disappear. The latest student action

will initiate new schemas which will take over the processing .

The pause length predicted depends on the type of error and the

Tuto r ’ s model of the s t u d e n t .  In g e n e r a l , if  the  Tu to r  be l i eves

that the error is related to a concept which is new to the stu-

dent, advice will be given after a rela tively short pause. On

the other hand , if the student has previously used this concept

c o r r e c tly, the Tutor will allow a longer pause before giving

advice.

Schemas

The FLOW t u t o r i a l  system is based upon a schema represen ta -

t ion f o r  k n o w l e d g e  of both the declarative aspects of the data

base and the p r o c e d u r a l  aspec ts  of t u t o r i n g  s t r a t e g y .  Schema— or

frame—based systems for the represen tation of information have

been proposed by numerous workers in Psychology and Artificial

I n t e l l i g enc e , b u t  t h e r e  have  been few a t t e m p t s  to use them as the

b a s i s  f o r  w o r k i n g  sys tems ( f o r  an e x a m p l e  of a r e l a t e d  schema—

based sy stem see Bobrow , K ap lan , K a y ,  N o r m a n , Thompson , & Wi no—

g r a& , 1976) . -

- - , ~- -~~~~
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I n s e r t  F i g u r e  3 a b o u t  h e r e

The top left ac~~tion of ~ igure 3 snows a fragmen t of a FLP~

prog r am , c o ns i s~~in~ of two s
~~

la
~ 

Quoted S tr i n c  stat eaent •s.

Each statc me nt na: .~ statement number on the- left sr i~~ toe cn~~rac—

ter string to be disp layea is included between the quotes. The

student only has to type the underlined characters ; the otner

charac ters are automatically provided by the computer. W h e n

these  s t a t e m e n t s  a r e  e x e cu t e d , t h e -  w o r d s  E I L L Y  anu  JEA i ~~ w ou l a  ne

d i s p l a y e d  on t h e  t e r m i n a l  s c r e e n .

The general schema for a Disp~~~ ~uu ted S t r~ fl~ s t a t e m e n t  is

shown in the bottom left portion of Fi g u r e  3.  The notation fol-

lows that of the MEtIOD semantic network system described in Nor-

man , Rumelhart & the LNR Rescarch Group (1975) . The schema has a

name , on the top line-, followe d by a series of slots , one on each

line. The firs t two slots a-re “ argun~~rrt ” slo ts , w h i c h  a r e  used

to d istinguish individual instances of the schema , an d are thus

EMPTY in the generic schema. (Our schemas typically have ore to

three argumen ts.) The “ special ist ’ slo t gives the name of a pro-

cedure , in this case CISPLAVQSER , associa ted wi th the sch e~ .a .

Phe “pnost ” slo t will be aiscus sen later. The last two slots in

thc schem a 0ive particular inst an ces of this ache-ma.

‘iwo i n3 t ~~r c c s  of t h. :  ~~~~~~~~~~~~~~~~~ PJ~~(~ ~~~~

corre spond ir.q to thr two  St a t T e r t s  i n  t h e  u~~p ’ r  l~~f t  o e r t i e n  of

the figure , are shown on t h e  r i g h t  i n  F i g u r e -  3. ro e  f i r s t  s l o t

I- 

~~~~~~~~~~~~~~~~~~~~~~ r ~~~~~~~~~~ ~~~~~~~~ - -
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on these instances points back to the origin a l schema. This ia

f o l l o w e d  by the two argument slots , which are now f illed in.

Nex t conies a “ status ” slo t, which indica tes that this jnstancc

has been OBSERVED. Schemas and instances ar~ compos ed of other

schemes  and ins tances , and that structure is ref lecte d in t he

final three slots. The “host ” s lo t  po i n ts t -~ a h i~~her level

instance which this ins tance is part of. In these cases , the

instance is part of a DISPLAY instance. Con~’ersely , the “ ele-

ment ” slo ts point to the lower level instances which ma Ke ‘J p  t h is

instance. He re we see that each instance is composed of an

instance of a D schema and an instance of a QUc7fD—S’IRIN~ sc h e m a .

An instance may have several elem ents , but is restricted to a

single host.

Insert Figure 4 about here

Figure 4 shows the hos t and element instances of the second

DISPLAY—QUOTED—STRING instance shown1 in Figure 3. The DISPLAY

ins tance describes the function of the DISPLAY—QUOTED—STRING

instance , namely to display JEAN. It in t a rn is p a rt of  a m o r e

complex DISPLAY—SEQUENCE instance.

The D ins tance shown in the figure has a sii~~1e a r~~uTe-~t

sl o t , g iving the time when the Stuoe’~t css~~a tois Key.

Keypresses and TiME messages are the lowest 1ev ’. 1 ~.‘ .trras u o 1  hy

the FLO~*V Tutor , and therefore the D inst ,inc ’~ J a -- 3  r o t  h a v - an \ ’

elements. The QUOTED-STrUNG instance shown on ta” i • n t  ilso has

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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a s i n g l e  a r g u m e n t slo t , givi ng the value of the string inside th’

-~uotes. This ins tance is further decomposed into elements: two

instances of QUOTE and an instance of CHARACTER—STRING.

All the instances which the FLOW Tutor creates and works

w ith are part of a mult i—level structure. The hiuhest level

instances correspond to such things as the instructi on booklet ,

p r o g r a m m i n g  p ro b lems , and toe function of programs. The lowest

level ins tances correspond to the individual FLOW statements and

keypresses.

This hierarchical structure of instances plays a major role

in the opera tion of the FLOW Tutor. Extension of the hierarchy

to higher and lower levels forms the bas is for predicting and

in terpreting student behavior. The hierarchical structure gives

the T u t o r  m u l t i ple descriptions of the same information at dif-

f e r e n t  concept ~ al levels. Student actions can then be dealt with

at levels appropriate for both the Tutor and the student.

As a schema— based system , the FLOW Tutor has an inherently

d istributed intelligence. That is , there is no central process

which is “ a w a r e ” of everything at a high level and controls its

subprocesses. In s t ead , each schema knows only about the thing s

wh ich immediately concern it. When a schema and its instances

become active they try to find their parts and fit themselves

i nto higher level schemas. The only central coordin ation is fur-

nishe d by an agenda, a simple list of instances waiting to be

_ _  --- -- -- - - - “ - - --—-- -~~~~~~~~~ -~~~~_~~~~~~~~~~~~~ - --‘--~~~
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a c t i v e .  D i s t r i b u t e d  i n t e l l i g e n c e  s y s t e m s  s u c h  as t h i s  a r e  based

on the premise that a large number of relatively simple ,

independent processes , each concerned only with itself and its

i m m e d i a t e  e n v i r o r ment , will have the net effect of a powerful

intelligence.

How Schemas Opera te

When an instance becomes active in the FLOW Tutor system ,

the specialist for its schema is invoked. The specialist can

then  act  based on an e x a m i n a t i o n  of the in s t ance  and any r e l e v a n t

parts of the Tutor ’s model of the world. There are several types

of actions the special ist can perform. The specialist may modify

an ‘i n s t a n ce , pred ,A ct new ins tances of schemas , change the Tutor ’s

model of the world , look f o r  inpu t f r o m  the  s t u d e n t ,  pu t

instances on the agenda , or send messages to the studen t. In a

typical  case , an instance on the agenda mi ght have been predicted

by some other instance. When the instance becomes active , i t s

spec ia l i st would  check  to see i f a l l  of it s e l e m e n t s  had been

observed . If not , the spec ialist would predict the next element

and pu t it on the agenda. If all the elements of the instance

had been observed , the specialist would change the sta tus of the

instance to OBSERVED and place its host on the agenda. If the

i n s t a n c e  ha d no hos t , the s p e c i a l i st m i g h t  sea r ch f o r  a hos t  and

t r y  to i n c o r p o r a te the i n s tance i n to  a su it a b le h ig h e r  level

instance.

_ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~hen a student responds in a manner not prcaicted by the

concep tu a l l y  g u i d e d  a n a l y s i s , the Tutor starts processing in a

data—driven manner. When this happens , the Tutor stops the

conceptually—guided expansion of instances and waits to see what

the student does. New instances are made up by lower level

in stances  or k e y p r e s s e s , which are ini tially without a host.

These instances try to find a suitable host , or create one , and

the resulting structure builds up until it joins some of the

existing higher level structure. There are two situations in

which data—driven processing is particularly i n t e r e s t i n g : w i t h

alternate correct solutions , and with student errors.

Alternate correct solutions. Although the programming prob-

lems in the FLOW instruction booklet are rather elementary, most

of them have  m a n y  differen t acceptable solutions. When the stu-

dent en ters a program different from that predicted by the Tutor ,

data—driven processing is used to incorporate the keypresses ,

statements , and simple functions into a representati on for the

overall function of the program . Information in a schema

representation is enmeshed in a hierarch y, and two programs which

m a y  be completely d ifferent at the keypress or statement level

can be equivalent when compared at higher levels wh ich represent

simple or complex functions.

Two ins tances are considered formally equivalent if they are

ins tances of the same schema and have the sate argument values;

they may have different elements and still be ’ equivalent. Thus
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two function instances might be formally equivalent even though

* they were composed of completely different FLOW statements. A

simple example of this can be seen by comparing the instances of

DISPLAY—QUOTED—STRING ana LISPLAY in Fi gu re s 3 ano 4. The

DISPLAY—QUOTED—STRING instance is distinguished in p-art by its

sta temen t  n umber , b u t  tfle c o r r e s p o n d i n g  a rg ume nt s lo t  f o r  the

DI SPLAY ins tance g ives it s f u n c t i o n a l  seque nce in  th e pro g r am .

Thus the DisPLAY-QUOTED—STRING instance for the statement

026 DISPLAY “JEAN ”

would be distinguished from *DIsPLAY_QUOTED_STRING_l932 because

of th e i r  d i f f e r e n t  s ta tement  n u m b e r s , but at the level of a func-

tional description the two DISPLAY instances would have the same

arguments (both are after *DJSPLAY_ l853) and would be form ally

equivalent.

H a n d l i n g  a Stu d e n t  E r r o r

In se r t Fi gure 5 abou t here

Figure 5 shows examples of error schemas operating within an

ac tual student protocol. The student has wr itten a program and

is now about to modify it to eliminate ar error. ‘I’he protocol

in Figure 3 heqins as the student is fini shin g a rec dinQ pause.

The student must list the program before it can oe modified , and

the ‘tutor has therefore p redicted that t he  stud~ nt w~ 11 press the-

key (for the List commana) . lnstea ’i of pa ’ asing the 1~ ke y,

nowev e , t i e  st udent press~ - ‘ h ~ RUbU L- ’I 
~ 

y . ~ t i ’ ~~~ T i s  an
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0 0 9 4 6  TIME
0 0 9 5 4  R UBOUT
~0965 T I M E
00976 TIME
00987 T I M E
TUT OR : TO M O D I F Y  YOUR PROGRA M YOU MUS T F I R S T

LIST YOUR PROGRAM
00992 RUBOUT
00999  R
01010 T I M E
01011 RUBOUT
01022 X
01024 D
01035 TIME
01 04 6 T I M E
TUTOR : TO LIST YOUR PROGRA M YOU MUST PRESS

THE L KEY
0 1058 L
01068 TIME
01079 TIME
01083 RUBOUT
01088 RUBOUT
0 1094  1
01096 5
01102 SPACE
01113 TIME
01116 D

Figure 5

Protocol of an automated tutorial session.
(L i n e s  preceded  by a n u m b e r  c o r r e s p o n d  to
student keypresses. The TIME message ind i-
cates that the student has not pressed any
keys since the last message. )
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i l l ega l  key  in this context , a~~i was not predicted by the Tutor.

The Tutor now uses data—driven processing to interpret the unex-

pected RUBOUT key. An instance of NUBOUT is created , and i t

tries to find a sui table host for itself. Each bchema contains

information abou t possible hosts (in the’ “phos t ” s lo t ) , and

RUBOUT makes a breadth—first search u~ through the’ hierarchy

looking for an instance which has been predicted . RUBOUT even tu-

all y find s that it could be part of a predicted MODIFY—PROGRAM

instance , but MOD IFY—PROGRAM had predicted LIST as its next ele-

ment . Therefore RUBOUT instantiates the INCOR RECT—ORDER schema

on the assumptio n that the student was trying to modify the pro-

g r a m , but forgot to l ist it before using RUBOUT to change the

statement number. As is typical of error schemas , the schema for

an INCORRECT—ORDER error includes an expected pause. In general ,

the pause lengths predicted depe nd on the the type of error and

the student ’s knowledge of the the relevant concepts , w i t h

shorter pauses allowed for concepts wh ich are newer to the stu-

dent. In this case , since the Tutor ’s model of the student ind i-

cates that this student has already used the List command , a

moderately long pause of 30 seconds is predicted . When the

30—second pause is observed , the INCOR RECT—ORDER instance is

satisfied , and the Tutor sends a message advising the student to

list the program . Having just told the student to LIST , the

Tu t o r  now q u i t e  n a t u r a l l y expec t s  the student to press the L key

to l i s t  the  p r o g r a m . The s t u d e n t , howe ver , t r i e s s e v e r a l  o t h e r

keys (mos t  of them i l l e g a l )  and f i n a l l y ,  a f t e r a n o t h e r , s h o r t e r



pause , the Tutor g ives more explicit advice to the stud ent.

Current Status of the FLOW Tutor

The au tomated FLOW Tutor system currently operates only i n

“ re trospective mode. ” Protocols are recorded as students learn

FLOW , w i th  a h u m a n  tu tor in a n o t h e r  roo m s i m u l a t i n g th e

automated Tutor. (Figure 5 is an example of such a protocol.)

Selected portions of these protocols then serve as input for the

automated Tutor . , The system does not yet have a sufficient data-

base to follow a student through the entire FLOW course. In

a d d i t i o n , it is too slow to respond in real time. Thus , the sys-

tem has not yet been used with real students , a l t h o u g h t h i s  is

our eventual goal . To paraphrase Bobrow et al. (19Ti), the FLOW

Tutor does realistic tutoring , but it does not y e t  do r e a l  t u t o r -

ing .

S u mm

Our goal is to develop a theory of learning and teaching .

I n p a r t i c u l a r , we are interested in the Drocess of individualized

i n s t r u c t i o n  and in the  type of i n t e r a c t i o n s  w h i c h  t a k e  p lace

be tween a student and a teacher. In this pape r we describe a

preliminary step towards the development of such a theor’~. Here ,

we use the observations of numerous tutorial sessions bet’~ecn

human tutors and students to characterize the tutorial process.

Then , we show how these ideas can be co;r-i ined ~ it h a s c h e m a - i ~~ st - u

repre .~m nta t io n a l syst o to form an automated Tutor.
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Three sources of knowledge must be used in succesful tutor-

ing . First , there must be knowledge about the subject matter.

Second , there must be knowledge of the student , including some

e s t i m a t i o n  of the  c u r r e n t  s t a t e  of knowledge  t h a t  the  s t u d e n t  has

about  the  topic being s t u d i e d .  T h i r d , the re mus t  be knowledge  of

the principles of learning , so that appropriate tutorial inter-

vention can take place.

A successful model of a tutor must therefore contain all

these types of knowledge. In a d d i t i o n , the process structure of

the tutorial system must allow it to be both conceptually guided

and d a t a - d r i v e n , depend ing upon the  p e r f o r m a n c e  of the s t u d e n t .

T h i s  pape r s e rves  both  as an o u t l i n e  of some of the  p r o p e r t i e s  of

tutorial interaction and also as a case stud y of the development

of a working au tomated tutorial system .

The autoaated system cannot now instruct real students. At

t he  momen t, the knowledge and processing structures required for

succesful tu torial instruction in the wide variety of situations

which can occur are more complex than can be handled . But we

believe the deficiencies are ones of quantity, and not of bas ic

pr incip le. As computers become cheape r and more powerful , it

becomes feasible to t h i n k  of sm a l l , i n d e p e n d e n t , a u t o m a t e d  teach-

i n g sy s t ems w h i c h  could have a real understanding of their sub-

ject matter and interact intelligently with students hav ing dif—

ferent backgrounds and  abilities. Before such systems can be
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b u i l t  on m o r e  t h a t  a l i m i t e d , a i — n c c  b a s i s ,  we m u s t  l e a r n  a g r e a t

deal more aoout learning , teaching , and tne representation and

organiza tion of Knowledge. The FL OW Tutor project is directed

towards t h e s e  go a l s .
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Footnotes

The  r ese~~: oh was suppo r ted by the Advoncea Research P~ oje c t~:

A g e n c y  and tde Office of Nava l Researc~i of the Department ot De-

f e n s e  an a was mon i tored  by ONR unoer Contract No.

N~~u~’14— 76—C— k~ó28 . M a r k  ~all et~ made sign iti cant contributions to

the research —— programming and maintaining the FLO~ system and

associated tutorial and anal ys i s s y s tem s , and act ing as tutor on

numerous oc casions.

1. FLOW was originally developed by Jef Raskin of the Visu-

al Arts Depar tment of the University of California , San Diego ,

specifically for students with no math ematics or science back-

g r o und ; see R a s k i n  (1974 )

2. The programs required of the student are all conceptual-

ly very siTp ie — - the most complex problem g i ven  to the s tude nt

is: “Write a program which will display the word ‘ yes ’ i f  the

input text contains an E and ‘ no ’ otherw ise. ” Thus , the u s u a l

difficul ties of writing a program from a p ro Ll€i ’r~ statement (au—

tomatic programming) do not arise.
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